Background: Infertility has become increasingly common worldwide. There is a need for the infertility literature to evaluate new interventions with IVF. The crossover design presents many methodological advantages for IVF trials. In addition to providing a within-person comparison of outcomes, it offers participants the opportunity to potentially benefit from more than one available treatment. However, infertility studies present a unique challenge in terms of bias: successful participants do not cross over to the second treatment group. Objectives: The main objective of our study was to survey the methodological features of crossover trials for infertility with in-vitro fertilization (IVF) based interventions. A secondary focus was reporting key results.
Background
Infertility is common, especially with increasing numbers of women delaying their childbearing until later ages [1] . In a 2010 survey, 16% of couples reported not achieving pregnancy despite not using contraception for 12 months [1] . In-vitro fertilization (IVF) is the most widely used intervention for infertility, even when compared to intra-uterine insemination and ovulation induction [2] . By the end of 2013, five million IVF babies were born worldwide [3] . Accordingly, there is a need for infertility trials to evaluate new interventions, and the use of a crossover design presents many advantages. In standard crossover trials, participants are randomized to receive two or more alternative treatments in successive time periods [4] . The crossover design is attractive because it offers participants the opportunity to potentially benefit from more than one available treatment [5] . Additionally, the crossover approach provides a within-person comparison of outcomes, reducing the impact of between-person variation. This typically leads to a more precise estimate of treatment benefit [6] . However, while the crossover design presents these methodological advantages [7] , it is more susceptible to problems than parallel group designs when missing data is present [8] , especially if inappropriate analysis methods are utilized [9] . In infertility studies, participants leave the study once a successful outcome occurs; women who become pregnant after the first treatment do not cross over to the second treatment. The interpretation is then problematic, because the differential selection of participants who continue to the second and later time periods can bias the estimated treatment effect. Note that period here refers to duration of treatment in the crossover design, as opposed to the menstrual cycle [10] . The extent to which proposed analytic approaches limit this bias and improve precision of the estimated treatment effect are largely unknown [9, 10] .
Previous literature has suggested that the treatment effect may be overestimated in a crossover design if a naïve data analysis is employed. In particular, Khan et al. concluded that crossover designs for infertility interventions are inappropriate when pregnancy is the main outcome measure [11] . However, more recent literature has proposed that these crossover trials should be regarded as parallel group trials with additional information, as opposed to crossover trials with missing data. While the first treatment period is analogous to a parallel group trial, the second treatment period provides additional information that permits within-person comparisons for some of the participants. This approach provides a novel way to accommodate crossover trials in infertility, reducing the risk of overestimation of treatment effects [12] . Some other approaches to avoid overestimation due to participant noncompletion in crossover trials in general have also been proposed: (1) re-randomization designs, (2) the logistic mixture model, (3) the betabinomial mixture model, and the Mantel-Haenszel analysis method [7] . Takada et al. compared five study designs: (1) Two-period, two-treatment comparison; (2) crossover; (3) 1:1 re-randomization; (4) 2:1 rerandomization; and (5) 1:2 re-randomization and conducted simulations to identify the most appropriate design and analysis methods, and concluded that crossover designs have highest power and the smallest bias [7] . However, it remains unclear whether a crossover design is appropriate for infertility studies in particular. While the potential for use of the crossover design is high, no study to date has surveyed its application specifically in the evaluation of IVF interventions. It is useful to evaluate the methodological features and the types of data analysis currently being used,to determine if the crossover trial is being used effectively in infertility research. The present study's aim was to conduct a methodological survery to assess the rigour of the current literature, thereby informing the conduct and direction of future infertility trials. A secondary focus was to describe the key results of the current literature.
Methods
The present study surveyed the methodological features of crossover trials in infertility studies employing in-vitro fertilization (IVF) based interventions. The types of outcomes employed in these infertility trials was also of interest. A secondary focus was reporting the key results of included studies (the estimated effect sizes of the main outcomes).
Search strategies were developed with the aid of a research librarian to retrieve eligible studies on current infertility interventions that had employed a crossover design [see Additional file 1]. Search strategies did not limit results by outcome variable (i.e. pregnancy, live birth, etc.), as we aimed to maintain the generalizability of our review and it was unclear what the expected outcomes in the literature would be. Searches were conducted in Medline (1946 Medline ( -2017 and Embase (1974-2017) databases on April 4, 2017. Duplicate studies with multiple reports were only included once in the analysis. We used the capture-recapture technique, a method designed to inform researchers about when it would be appropriate to stop searching for more literature, by estimating the amount of relevant literature not retrieved. In particular, we used the numbers of papers independently identified by Medline and Embase to estimate how many relevant studies had not been found in either database [13] .
A second search strategy [see Additional file 1] was developed post hoc to provide insight into the sensitivity of the first strategy. We searched Medline and Embase using the same infertility content and intervention terms as the first strategy, but the methods filters were instead designed to retrieve parallel group trials. Hence, the second strategy was useful in assessing the article retrival of the first strategy.
Studies retrieved in Medline and Embase databases were assessed on the basis of title and abstract for relevance independently by two reviewers (DB & DS). The full texts of the articles deemed to be relevant by title and abstract were then independently reviewed. In the event that title and abstract review was not conclusive, the full text of these articles was reviewed. Any discrepancies between the two reviewers were discussed and the relevant articles were then re-evaluated to determine if a consensus could be reached. In the event of persistent discrepancies, the conflict was resolved by a third reviewer (SDW or SDM). Our inclusion criteria for qualitative synthesis (risk of bias assessment and extraction of methodological features) were: (1) randomized crossover trial for the evaluation of infertility treatments involving IVF published 1994-2017, and (2) live births, positive pregnancy test, or other pregnancy related surrogates for positive outcome of the intervention including temporary pituitary suppression, serum concentrations of luteinizing hormone (LH), follicle stimulating hormone (FSH), testosterone, and progesterone (P), fertilization rate, embryo quality, implantation rates, ovarian responsiveness, and endothelin-1, uterine artery pulsatility index, endometrial thickness, morphological changes to sperm, endometrial histology, and expression of estrogen and progesterone receptors must be the primary outcomes in the study. Valid surrogate outcomes were included post hoc due to a wide range of primary outcomes reported in the literature sample. For simplicity, studies were limited to treatments involving IVF, to avoid complications associated with having multiple interventions.
The published manuscripts of selected studies were critically appraised and the following methods and features were extracted: (1) planned and actual sample sizes, (2) sample size calculation, (3) power calculation, (4) reporting of missing data pattern, (5) statistical analysis method, (6) effect estimates, (7) primary outcomes, (8) washout period, and (9) carryover effect. The Cochrane Collaboration's tool to assess risk of bias (RoB) and an extraction table (see Table 3 ) were used by two independent reviewers to identify and evaluate the design aspects and the methodological rigour of the included studies. As the Cochrane Collaboration's RoB tool addresses the main sources of bias in randomized trials that use the standard parallel group design, the present study has also included other important crossover design features (washout periods and carryover effects) in the other potential sources of bias section.
We also recorded treatment effects across the studies which reported pregnancy outcomes and sample sizes for treatment groups.
Results
Our search strategies in Medline and Embase yielded 37 and 87 studies respectively (Fig. 1) . Of these 124 studies, 29 were duplicates (23.4%). After duplicate papers were removed, 95 were found to be eligible for title and abstract review and 19 of those were determined to be relevant (20.0%). Most of the excluded studies were removed on the basis of having irrelevant outcomes and methods, and because a wide variety of other (non-crossover) study designs was retrieved. Of the 19 studies, four (21.1%) were excluded during the full-text review because they reported outcomes that were unrelated to pregnancy or used interventions not involving IVF. Thus, 15 studies were finally included [see Additional file 2]. The capture-recapture technique was performed using the following values: duplicates in Medline and Embase (n = 4), found in Embase and not Medline (n = 8), found in Medline and not Embase (n = 3). The numbers of studies found in each database alone were multiplied and subsequently divided by the number of duplicates. This calculation revealed that an estimated six potentially eligible studies had not been retrieved by the search strategy in either database, assuming that errors of omission were independent between the two databases.
Our primary search strategy yielded only a small number of crossover trials. In particular, no studies published between 2005 and 2010 met our inclusion criteria. Our second search strategy was used to determine if the reason for the sparseness in the data was due to methodological restrictions (specifically, limiting the search to crossover trials), or to a general lack of clinical trials (with any design) for infertility during that period. Samples of the relatively large numbers of studies found by the second strategy (Medline, n = 1258; Embase, n = 2601) were randomly drawn (Medline, n = 30; Embase, n = 30). These samples were assessed in accordance with our inclusion criteria. Only one crossover trial that had been identified by the second strategy, but not the first strategy, was found. This study, which was published in 1991 [14] , does not suggest any published crossover literature employing IVF between 2005 and 2010. These findings suggest that only a small body of crossover literature was not retrieved by our primary search strategy, which may be a result of indexing studies with different terms. 12 of the 15 included studies were retrieved by the second search strategy in both databases. The overlap of literature (80%) is encouraging but again suggests that the terms used to index crossover trials may be variable.
The results of the risk of bias assessment that was applied to crossover trials are presented in Figs. 2 and 3, which are based on the reviewers' (DB and DS) judgment for each risk of bias item across all included studies.
Allocation
Six studies were deemed to have a low risk of bias for the method of assigning the sequence of treatment allocations, by having used computer-generated randomization sequences or a table of random numbers. One study was at a high risk of bias because treatment allocation was performed according to birth date [15] .
All the studies deemed to have a low risk of bias for sequence generation were also deemed to have a low risk of bias for allocation concealment. The most common method used to conceal allocation in these studies was sealed, opaque envelopes.
Blinding
Most of the studies (9/15) did not report that participants or outcome assessors had been blinded to treatment, and were thus deemed to have an unclear risk of bias. Studies which reported an open-label trial design were judged to be at high risk. Studies that reported blinding of both participants and outcome assessors were judged to be at low risk. However, it is important to note that in many cases, it may not have been possible to blind the physicians or participants, depending on the nature of the intervention.
Incomplete outcome data
We judged 10 studies to have high risk of bias due to having incomplete outcome data. These studies have missing data for reasons other than successful outcomes in the first period (pregnancies), and these reasons were not reported in sufficient detail. Two studies [16, 17] included only those patients who had completed both treatment periods in their analysis. More common reasons for missing data included (but were not limited to) participants' refusal to continue, and non-compliance with study protocol. Three studies were deemed to have a low risk of bias. In particular, one study used a partial crossover design, in which only the controls in the first period were crossed over in the second treatment period [18] ; thus, this study did not have missing data. Another study reported no pregnancies in the first period and therefore had no missing outcome data [19] . In the final study, the only reason for missing data was when a participant achieved pregnancy as a successful outcome [20] . 
Selective reporting
The reviewers judged all studies, with one exception, to be free of selective reporting, because all primary outcome data was reported. The one exception did not report data for patients who did not complete both treatment periods [17] .
Other potential sources of bias
All 15 studies were judged to have an unclear other risk of bias.
None of the studies reported their washout periods or attempted any assessment of a potential carryover effect in their analysis. Only one study [21] reported their funding source; however, it did not describe the role of their sponsor or report any possible conflicts of interest.
Other key methodological features
We surveyed the design features of crossover trials and identified additional elements that were not captured by the Cochrane Collaboration's assessment for risk of bias (see Tables 1-4) .
The study settings were all high-income countries including USA (n = 3), Finland, Norway, Belgium (n = 2), Brussels, Ireland, Luxembourg, Sweden, Israel (n = 2), New Zealand, and Australia, and generally the IVF treatments were performed for female infertility of varying duration and cause (Table 1) . Seven studies did not report sample sizes by intervention group (Table 2 ). This incomplete reporting proved to be problematic in determining effect sizes. Thus, these studies could not be included in Fig. 4 . Two additional studies were not included in Fig. 4 due to pregnancy outcomes not being reported in the full-texts. Another finding was that nearly all studies (n = 13) had relatively small sample sizes (< 200 participants) in the first period (Table 2 ). There was a considerable diversity of interventions between studies, but all pertain to IVF treatment (Table 3) . Seven studies reported a significant difference (p < 0.05) for their primary outcomes, while five studies reported a non-significant difference. In these five studies, only one reported a p-value. A majority of studies that analyzed pregnancy outcomes and reported sample sizes by group for both periods (3/4) found that the control intervention was favoured (Fig. 4) . Table 5 summarizes key analysis features. Nine studies employ either precision estimates (n = 7) including standard deviation of the mean (SD) and standard error of the mean (SEM), or statistical estimation methods (n = 2) including confidence intervals (CI) and Bayesian analysis for their primary outcome. Reports from only four studies included a power calculation, but only three of these studies also included a sample size calculation. Investigators for seven studies did not report sample sizes by intervention group for each period. In some cases, data were also not reported by period. Many authors of study reports neglected the possibility of period and carryover effects by only reporting results aggregated over all periods. In reports from 13 studies, data were pooled across periods (results from treatment groups aggregated across periods to generate a total number of pregnancies). However, in reports from three of these studies, data were not reported separately for each period. Only two studies mentioned the possibility of a carryover effect [16, 20] , and one study reported their washout period [20] . These shortcomings, compounded with small to moderate sample sizes in 13 studies, the absence of sample size and power calculations in 11 studies, and the overall high risk of bias found in 10 studies, make it difficult to obtain a valid estimate of the treatment effect in these studies.
Discussion
We found that several studies had unclear risks of bias in many domains. Incomplete outcome data and incomplete reporting of key methodological features were particularly prevalent. Studies (n = 10) were judged to have a high risk of bias due to incomplete outcome data, which increases the possibility of a biased effect estimate. The insufficient reporting made it difficult to accurately assess the risk of bias of these studies and prevents readers from doing a fully valid data analysis. Particularly, sample sizes by group were reported infrequently. Most trials (n = 13) had small sample sizes in their first treatment periods (< 200 participants) and all trials had small sample sizes in their second treatment periods. Furthermore, most trials (n = 11) did not report any power calculations. The results presented in these studies may therefore be limited in their ability to declare statistical signficance and they are insufficient to fully inform clinical decision making. Nine studies reported pregnancy outcomes. Of these nine, we summarized the pregnancy rate differences of four in Fig. 4 , as they reported necessary data on pregnancy outcomes (pregnancy rates and sample sizes for both treatment groups across periods). Out of the four summarized studies, three reported that the control intervention was favoured. Various statistical methods were employed in most studies (n = 9) to estimate treatment effects of primary outcomes, with SEMs being the most common. The use of surrogate endpoints was relatively common, presumably because they are easier to measure than live births, and the implied shorter follow-up times reduce losses follow-up.
Based on these findings, we recommend that future crossover trials for infertility adhere to a standard for reporting guidelines for clinical trials (CONSORT) for randomized control trials, as applicable [22] . As suggested in a systematic review of chronic painful conditions, incomplete reporting of study features has been identified as a key problem in crossover trials outside of the infertility literature [23] . Furthermore, studies examining the crossover design substantiate that poor reporting of analysis features and results make it difficult to include these studies in meta-analyses [5, 24] . Our review is consistent with these findings, and we suggest that the reporting of washout periods, carryover effects, and outcome data by group and period in particular should be improved [25] . Although there are no methods to reasonably deal with carryover effects, we believe that the authors should report the washout period or at least attempt to assess the impact of carryover effect on their results. A major issue with not accounting for the period effect (where the success rates are different for the first versus the second treatment) is the possibility of a continuing additive difference in the effect of the first treatment into the second period, affecting women who have not achieved pregnancy with the first treatment and who therefore may, on average, have a lower overall chance of success. It is also important to consider the analysis methods used to estimate treatment effect. Most studies (n = 13) aggregated outcome data across periods, but this approach fails to account for any potential period effects, and it potentially biases estimates of treatment effects, because of the differential selection of participants who have unsuccessful outcomes in the first period. Simpson's paradox indicates that the estimate from data aggregated in this manner may not even be in the same direction as the period-specific results [26] . While we aimed to include studies with comparable outcomes, the infertility literature proved to be heterogenous. This is especially problematic for reviewers attempting a quantitative synthesis, which poses an issue for clinicians and other experts who wish to implement this research into practice. While some studies reported on clinical outcomes (particularly, pregnancies and live births), other studies reported on biochemical and histological outcomes (such as hormone serum concentrations, endometrial thickness, receptor expression, implantation rate, etc.). This heterogeneity could be due to various factors, including the limited consensus of reproductive endrocrinologist (REI) physicians on a singular standard outcome, the transfer of care of patients from REI physicians to obsetricians, and the willingness of journals to publish on a wide range of outcomes.
Previous studies have identified issues in using crossover methodology to assess infertility interventions and have proposed novel design and analytic methods. However, the current study is the first survey of infertility studies employing the crossover design, with a focus on reported results and a rigorous assessment of their methodological features. A limitation of the current study is the small sample of eligible crossover trials retrieved by our primary search strategy. In particular, crossover trials are less common than other clinical trial designs. Limiting the interventions to IVF-related treatments and selecting only pregnancy related surrogate outcomes further restricted our sample size. However, these restrictions were necessary to reduce heterogeneity, and thus bias. Our capture-recapture analysis revealed that a moderate proportion of relevant literature may not have been retrieved. The limited number of available databases searched by our primary strategy may be at least in part responsible. In general, methodological filters have poor sensitivity, and hence may have been a major contributor to missing these six potential studies [27] . Future systematic reviews should be conducted on the topic and search multiple databases.
Although the crossover approach is considered one of most rigorous designs because of its potential to make within-person comparisons [6] , in the context of infertility trials, it may not yield high quality evidence because of the frequent occurrence of participant non-completion [28] . In the sample of trials that we assessed, none took into account the effects of missing data for reasons other than pregnancy. Methods that have been proposed to deal with missing data include sensitivity analysis, regression imputation, and multiple imputation [9, 28] . While our sample of eligible literature was small, the use of the crossover design is nevertheless useful in infertility. Our second search strategy, which surveyed the frequency of the crossover design in infertility literature in relation to other clinical trial designs, identified 25 clinical trials with IVF in our random sample of 60 studies, and only one of these trials (4%) were of crossover design. Although the most recent paper that this review identified in the IVF literature was published in 2010, the crossover design has recently been used in the general infertility literature employing treatments other than IVF [29, 30] . The issues that we have identified with binary outcomes and participant non-completion remain applicable to these other areas of infertility research. , and Yovich 2010 reported pregnancy rates but not the sample sizes for both intervention groups across treatment periods and hence were not included in this analysis. Blumenfeld 1994 included participants from two different populations and hence were also not included in this figure.
Table 5
Summary of additional features important to crossover design. 
Conclusion
We have completed the first methodological survey to date of infertility literature employing the crossover design. Despite the problems we have identified, serious consideration should still be given to using the crossover design in infertility research. Methods to account for missing data and more complete reporting of key methodological features may significantly reduce the risk of bias and improve the validity of these trials. Future reviews on crossover trials should continue to employ sensitive methodology filters in their search strategies, in order to encompass the entire body of relevant literature.
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